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Available online 22 May 2016X chromosome inactivation (XCI) is required for dosage compensation of X-linked genes in human female cells.
Several previous reports have described the promiscuous XCI status in long-term cultured female human embry-
onic stem cells (hESCs), and themajority of them exhibit non-randomXCI. However, when and how such female
hESCs acquire the aberrant XCI states during culture is unknown. Herein, through comparing the XCI states in 18
paired hES cell lines throughout early culture, we revealed a uniform dynamic change during this culture period
under a widely used culture condition. The female initial hESCs (ihESCs, P4-P9) expressed XIST RNA, H3K27me3
punctate enrichment and displayed random XCI pattern. By further culturing, the female early hESCs (ehESCs,
P20–P30) lost the expression of XIST RNA, H3K27me3 punctate enrichment and exhibited a completely skewed
XCI pattern. Importantly, a subset of X-linked genes was up-regulated in ehESCs, including some cancer-related
genes. At last, we found 5% physiological oxygen was beneﬁcial for the expression of XIST and H3K27me3 punc-
tate enrichment, but not for the XCI pattern. We conclude that the XCI dynamic change is a frequent epigenetic
instability event during early culture, which is accompanied by the up-regulation of some X-linked genes. Fur-
thermore, we emphasize that physiological oxygen is beneﬁcial for XCI ﬁdelity.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Culture alteration1. Introduction
Human embryonic stem cells (hESCs) are regarded as one of the
most promising cells for the future of regenerative medicine because
of their capacity for pluripotency and the ability to indeﬁnitely self-
renew (Thomson et al., 1998). However, during long-term culture,
many concerns have been raised regarding genetic and epigenetic insta-
bility, which hinder the development of hESCs and their related applica-
tions (Spits et al., 2008; Draper et al., 2004; Adewumi et al., 2007). The
epigenetic alterations previously reported include aberrant X chromo-
some inactivation (XCI) states (Hoffman et al., 2005; Hall et al., 2008;
Shen et al., 2008; Silva et al., 2008), DNA methylation instability
(Vincenzo Calvanese and Hmadcha, 2008), aberrant silencing of DLK1-
DIO3 imprinted cluster (Xie et al., 2014), and biallelic expression of
imprinted genes (Rugg-Gunn et al., 2007).m cells; ehESCs, early human
i, inactivated chromosome; Xa,
ism.
tem Cell Engineering, School of
410078, China.
. This is an open access article underXCI is required for dosage compensation of X-linked genes in mam-
mals (Lyon, 1961). In humans, the initiation of XCI is dependent on the
X inactivation center, and the X inactive speciﬁc transcript (XIST) is a
critical gene in this region, which produces a non-coding RNA and
coats the X chromosome in cis and triggers its inactivation (Brown et
al., 1991; Penny et al., 1996). In addition, XCI has been associated with
characteristic patterns of histonemodiﬁcations, such as tri-methylation
of H3 Lys-27 (H3K27me3) (Plath et al., 2003). Another characteristic as-
sociated with XCI is that the inactive X chromosome (Xi) is distinctly
replicated later in S phase compared with the autosomes and the active
X counterpart (Morishima et al., 1962). A growingnumber of studies are
concerned regarding XCI states in hESCs. XCI status in long-term cul-
tured female hESCs is promiscuous and can be divided into 3 distinct
XCI states (Silva et al., 2008). Class I female hESCs refer to the hESCs
that have two active X chromosomes and retain competence to initiate
random XCI upon differentiation, which is similar to mouse embryonic
stem cells (mESCs). Class II female hESCs refer to hESCs that have under-
gone XCI and express XIST and H3K27me3 punctate enrichment in both
undifferentiated and differentiated states, which is similar to mouse
epiblast stem cells (EpiSCs). Class III female hESCs have undergone
XCI, but never express XIST and H3K27me3 punctate enrichment in
both undifferentiated and differentiated states. The majority of hESCsthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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analysis of XCI in ihESCs, we cannot conﬁrm whether the different XCI
states in long-term cultured hESCs was inherited from the ihESCs or
resulted from the expansion process.
In this study, we evaluated the XCI status of initial derived (P4–9)
and early passaged (NP20) hESCs in 18 paired hESC lines to elucidate
the dynamic changes of XCI during the early culture period. Our results
showed rapid conversion of the XCI states from class II to class III during
the early culture, andwas accompanied by the up-regulation of a subset
of X-linked genes. Furthermore, we conﬁrmed that physiological
oxygen was beneﬁcial for the stability of XCI.2. Experimental procedures
2.1. hESC culture and in vitro differentiation.
This research was approved by the ethical committee of the CITIC-
Xiangya Reproductive & Genetic Hospital. All hESC lines were derived
and cultured in our laboratory, as previously reported (Lin et al.,
2009). Brieﬂy, hESCswere cultured onmitomycin-C-treatedmouse em-
bryonic ﬁbroblast feeder cells. The hESCs medium contained DMEM/
F12, 15% knockout serum replacement, 2mML-glutamine, 2mMnones-
sential amino acids, 0.1mMβ-mercaptoethanol, and 4 ng/ml of basic ﬁ-
broblast growth factor (bFGF) (all from Invitrogen). The medium was
changed every day and hESCs were mechanically passaged every 6–
7 days. hESCswere derived and cultured at 20% oxygen except at special
mention. All cells, including different passage and different sublines,
were cultured in the same culture conditions, only subjected to me-
chanical passaging and underwent one or two freeze/thaw cycles, but
withoutmonoclonal screening (more details available in Supporting in-
formation Table S1).
The in vitro differentiation protocol of hESCs, including the sponta-
neously in vitro differentiation and neural induction differentiation,
was performed as previously described (Xie et al., 2014).2.2. Microarray analysis
Total RNAs were isolated from undifferentiated hESCs using TRIzol
(Invitrogen) according to the manufacturer's protocol. ihESC samples
ranged between passages 4–9,whereas ehESCswere used at a range be-
tween 20 and 30 passages. mRNA expression analysis was performed
using Human Genome U133 Plus 2.0 Gene Chip arrays (Affymetrix).
Three biological replicates were used for each data point. The heat
map for selected genes was performed using MultiExperiment Viewer
(Mev) in the TM4 microarray software suite. To analyze the location
of differently expressed X-linked genes, we applied a X gene expression
ratio between ihESCs and ehESCs, followed by physical mapping along
the X chromosome using the Feb. 2009 assembly from the UCSC ge-
nome browser (http://genome.ucsc.edu) (Carrel and Willard, 2005).
The gene expression microarray data were deposited into the NCBI
GeneExpressionOmnibus database under accession numberGSE38662.2.3. Quantitative PCR
Quantitative PCR was performed as previously described (Xie et al.,
2014). The primer sequences and annealing temperatures are provided
in Table S2. Relative RNA expression was given as 2-ΔCT where△Ct =
Ct (target gene-28S or ACTB). Each reactionwas performed in triplicate.
The independent sample t-test between ihESCs and ehESCs under 5%
oxygen was used to evaluate the statistical signiﬁcance of mean values
using SPSS 18.0. Homogeneity of variancewas analyzed before the inde-
pendent sample t-test. If the variance was not equal, unequal-variances
t-test was used.2.4. RNA-ﬂuorescence in situ hybridization (FISH)
XIST RNA-FISH was performed as previously described (Hall et al.,
2008). Three 50-mer DNA probes were designed from consensus
sequences of map positions 6183–6232, 6234–6284 and 6368–
6417 (accession no. L04961), which are in repeat D of XIST (Shen et
al., 2008).
2.5. Bisulﬁte sequencing
Bisulﬁte sequencing was performed as previously described (Xie et
al., 2014). Brieﬂy, PCRwas performed usingHotstart Plus DNApolymer-
ase (QIAGEN) under the following conditions: 95 °C for 15 min; 35 cy-
cles of 94 °C for 30 s, 57 °C for 30 s, and 72 °C for 1 min, followed by
72 °C for 10 min. The primer sequences and annealing temperatures
are provided in Table S2. Puriﬁed PCR products were subcloned into a
PMD-18-T cloning vector (TAKARA). Fifteen clones from each PCR
product were examined by Sanger sequencing analysis. The sequencing
data were analyzed using the biQ Analyzer software (Max Planck
InstitutInformatik).
2.6. Immunocytochemistry staining and DNA FISH for hESCs
Immunocytochemistry staining procedures are previously described
(Lin et al., 2009). The following primary antibodies were used for hESCs
and their derivatives: mouse anti-Oct4 (1:50, Santa Cruz), rabbit anti-
H3K27me3 (1:800, Millipore), mouse anti-phosphoserine 2 on the C-
terminal domain of RNA polymerase II (H5) (1:250, Millipore), mouse
anti-β-tubulin (1:800, Sigma), and mouse anti-Pax6 (1:400, DSHB).
Localization of antigens was visualized by using Alexa Fluor 488 and
594 secondary antibodies (1:1000, Invitrogen). Nuclei were counter-
stained with DAPI (1:1000, Sigma).
DNA FISH was carried out as previously described (Liao et al., 2009).
Cells were exposed to hypotonic solution (6mg/ml BSA+ 1% NaAc) for
5min and transferred to Tweenﬁxative (0.01NHCL+0.01% Tween) on
a clean slide. Fixed cells were hybridized with X-paint probe (Abbott
Molecular Inc.,Downers Grove, IL, USA). For simultaneous immunocyto-
chemistry of RNA POL II and X chromosome FISH, immunocytochemis-
try was performed ﬁrst, then the signals were ﬁxed, and X chromosome
DNA FISH was performed.
2.7. Late replication analysis
Late replication was performed by following a modiﬁcation proce-
dure (Jeon et al., 2008). hESCs were transferred tomatrigel (BD) coated
dishes and fed with MEF-conditioned media for 3 days. The cells were
treated with 12 μg/ml Brdu (Sigma) for 10 h and 80 ng/ml colcemid
(Invitrogen) for 1.5 h. Then the cells were harvested with 0.05%
Trypsin/EDTA (Invitrogen). Next, we used 0.075 M KCl and 3:1 metha-
nol: acetic acidﬁxative for hypotonic treatment andﬁxation, respective-
ly. Cell suspension was dropped onto clean wet slides and air-dried.
Then the slides were heated to 60 °C for approximately 45 min in
2 ∗ SSC (0.3 M sodium chloride-0.03 M trisodium citrate) and exposed
to ultraviolet light (distance of about 17 cm). At last, the slides were
rinsed in runningwater and then stained with 1.5% phosphate-buffered
Giemsa for 20 min.
2.8. XCI pattern analysis of hESCs
If random XCI occurred, we can evaluate the XCI pattern using
multiple polymorphic cDNA of X-linked genes by sanger sequencing
in a population of hESCs (Shen et al., 2008). Genomic DNAwas extract-
ed using a DNeasy Blood & Tissue Kit (QIAGEN) and RNAwas extracted
with TRIzol (Invitrogen). SNPs were selected for analysis along the
X chromosome according to the following criteria: 1) The gene was X-
linked and expressed in hESCs in moderate to high levels; 2) The gene
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using 1 μl DNA (~100 ng) or 2 μl cDNA converted from DNase I-treated
RNA samples. Further details related to the annealing temperatures, and
primer sequences are provided in Table S2. PCR products were puriﬁed
by using a PCR puriﬁcation kit (Qiagen), and then subjected to Sanger
sequencing to obtain the genotype and expression pattern via a com-
mercial service provided by BGI.Fig. 1. Gradual loss of XIST expression and H3K27me3 punctate enrichment in female hESCs
transcripts in initial-passage hESCs (ihESCs) and early-passage and hESCs (ehESCs). The color
rows of XIST are two representative probes for XIST. (B): Expression of XIST in eight paired ih
chHES51 at different passages with antibodies against H3K27me3 (green) and Oct4 (red). DA
enrichment, chHES51-P9 showed 32.6% H3K27me3 positive punctate enrichment, and chHE
Relative expression level of XIST in passages from P5–P20 in ﬁve female hESCs lines. (E): The p
in ﬁve female hESCs (n N 1000). Bars = mean ± SD (two biological replications).3. Results
3.1. Gradual loss of XIST expression and H3K27me3 punctate enrichment in
female hESCs during early culture
To determine the XCI status of female hESCs during early culture, we
ﬁrst assessed the relative expression levels of XIST and H3K27me3during early culture. (A): Heat map showing the relative expression levels of selected
s indicate low (3green) to high (11red) absolute log2 expression level of genes. The two
ESCs (black) and ehESCs (grey) lines by RT-PCR. (C): Representative immunostaining of
PI stained nuclei in blue. chHES51-P5 showed nearly 100% H3K27me3 positive punctate
S51-P20 showed no H3K27me3 positive punctate enrichment. Scale bar = 50 μm. (D):
ercentage of H3K27me3 positive punctate enrichment in different passages from P5–P20
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pression of XIST was shown in all initial passaged (P5–P9, ihESCs) fe-
male lines, and no or very low XIST expression was detected in all
following early passaged (P20–P30, ehESCs) female lines by expression
array, real-time PCR and RNA FISH (Figs. 1A, B and S1A). As expected, no
expressionwas observed inmale samples. Similar to the above observa-
tion, single H3K27me3 punctate enrichment occurred in N90% of the
initial passaged hESCs (≤P7) in all 18 examined cell lines. However,
P20–30 hESCs from all 18 cell lines showed no H3K27me3 punctate en-
richment (Figs. 1C and S1B). In summary, these results indicate that the
ihESCs expressed XIST and H3K27me3 punctate enrichment; however,
the ehESCs lost XIST expression and H3K27me3 punctate enrichment.
To assess how the ehESCs lost XIST expression and H3K27me3 punc-
tate enrichment, we ﬁrst examined XIST expression by real-time PCR on
every 3–4 passages from P5 to P20 in ﬁve cell lines. During this period,
chHES51, 137, 175 showed gradual decreased XIST expression, but
chHES26 and 45 showed dramatically reduced XIST expression from
P4 to P9. All ﬁve cell lines fully lost the expression of XIST at P20
(Fig. 1D). Simultaneously, we performedH3K27me3 staining and calcu-
lated the percentage of H3K27me3 punctate enrichment. Consistent
with XIST expression, the percentage of H3K27me3 punctate enriched
positive cells showed a slight decrease in chHES51, 137, 175but dramat-
ically reduced chHES26 and45 (Fig. 1C and E). These results suggest that
loss of XIST expression and H3K27me3 punctate enrichment occur
rapidly during initial passages.3.2. XIST promoter methylation in ihESCs and ehESCs
To evaluate the relationship of XIST expression and the epigenetic
modiﬁcation of the XIST promoter, we tested the degree of XIST promot-
er methylation in two hESC lines, chHES45 and chHES137. Our analysisFig. 2. Both the ihESCs and the ehESCs showed a Xi. (A): Representative immunostaining for R
ehESCs (bottom) of chHES51 cells. The arrow indicates Xi or its position. Please note that this
Magniﬁcation × 1000. (B): Late replication assays by R banding analysis in paired chHES51. P
replicated) and the active X chromosome (the black arrowhead) show no BrdU incorporationshowed approximately 50–60% methylation at the XIST promoter in
ihESCs (XIST+), whereas the ehESCs (XIST-) showed N90%methylation
at the XIST promoter (Fig. S2). These results indicate that the degree of
XIST promoter methylation is correlated with the silencing of XIST ex-
pression. Our results are consistent with previous reports (Shen et al.,
2008).3.3. X chromosome transcription activity in ihESCs and ehESCs
To investigate the effect of the loss of XIST expression and
H3K27me3 punctate enrichment on X chromosomes, we evaluated
the two X chromosomes activity with two experiments. We tested the
transcriptional activity of two X chromosomes by double staining the
X chromosomes with X chromosome painting probe and RNA polymer-
ase II antibody. The results showed that the ihESCs and ehESCs both had
one X without transcriptional activity (Fig. 2A). We then performed a
late replication assay to determine whether there is an X chromosome
replicated in late S phase, as the indicator of the inactivated X chromo-
some. The results showed that the ihESCs and ehESCs both had a late
replicated X chromosome (Fig. 2B). These results indicate that both
ihESCs and ehESCs exhibited one inactivated X chromosome (Xi) at
the chromosomal level.
To determine whether the X-linked genes were affected by the
loss of XIST and H3K27me3 punctate enrichment, we performed
transcriptomic analysis in 12 cell lines, including 10 female samples
and 2 male samples as control (all including ihESCs and ehESCs).
Three biological replicates were used for each data point. Among 1135
annotated X-linked genes, an average of 3.8% (57 genes) of X-linked
genes exhibited a 1.5-fold increase ofmRNA in female ehESCs compared
with ihESCs. However, only 0.3% (4 genes) of X-linked genes showed
1.5-fold increase in male samples and approximately 0.2–0.3% ofNA pol II (green) followed by DNA FISH (red) for X chromosomes in the ihESCs (up) and
active polymerase is excluded from the region surrounding the inactive X chromosome.
lease note the inactivated X (the red arrowhead) showing high BrdU incorporation (late
(early replicated).
Fig. 3.A small subset of X-linked genes is up-regulated in ehESCs. (A): Percentage of each chromosomes-linked genes (probes) that are up-regulated N1.5-fold between ehESCs and ihESCs
in female (46,XX) and male (46,XY) hESCs. The percentage of X-linked genes in the female is much higher than that of autosomes and the X chromosome in males. (B): Heat map of X-
linked genes expression ratio. The expression ratios of X-linked genes between ehESCs and ihESCs are plotted on the X chromosome. The gene expression ratio for each gene is shown in
log2 scale.
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female samples (Fig. 3A). From the N1.5-fold up-regulated genes, we
identiﬁed 27 common differentially expressed genes that were up-
regulated in more than one half of all 10 female hESC lines (Table 1).
Furthermore, utilizing the gene expression ratio between ihESCs and
ehESCs, we performed a heat map of the X chromosome by mapping
the ratio (ehESCs/ihESCS) physically along the X chromosome. The re-
sults showed that the distribution of up-regulated genes is not random
along the chromosome but map primarily to the Xq22.3–23; Xq26;
Xp22, whose region is not near the XIST gene (Xq13), which suggeststhat up-regulation starts from a region far from the XIST transcriptional
start site (Fig. 3B). Real-time PCR analysis conﬁrmed four X-linked dif-
ferentially expressed genes in two cell lines (Figs. 3C and S3).
3.4. XCI pattern in ihESCs and ehESCs
Previous studies have suggested that long-term cultured hESCs
show a nonrandom inactivated X chromosome and early hESCs at P5–
P15 exhibit a random or skewed inactivated X chromosome (Shen et
al., 2008; Dvash et al., 2010). To determine the initial XCI pattern in
Table 1
The list of X-linked genes common up-regulated at least 1.5-fold in female ehESCs.
Gene name Description Location Cell line Nosa
TSC22D3 TSC22 domain family, member 3 q22.3 6
RAP2C RAP2C, member of RAS oncogene family q26.2 8
PSMD10 Proteasome (prosome, macropain) 26S subunit, non-ATPase, 10 q22.3 7
PRPS1 Phosphoribosyl pyrophosphate synthetase 1-like 1 q22.3 6
POLA1 Polymerase (DNA directed), alpha 1, catalytic subunit p22.11 6
PIR Pirin (iron-binding nuclear protein) p22.2 9
PDK3 Pyruvate dehydrogenase kinase, isozyme 3 p22.11 6
PCYT1B Phosphate cytidylyltransferase 1, choline, beta p22.11 6
PAK3 p21 protein (Cdc42/Rac)-activated kinase 3 q22.3 5
NXT2 Nuclear transport factor 2-like export factor 2 q22.3 7
NHS Nance-Horan syndrome (congenital cataracts and dental anomalies) p22.13 5
MORC4 MORC family CW-type zinc ﬁnger 4 q22.3 5
LRCH2 Leucine-rich repeats and calponin homology (CH) domain containing 2 q23 6
LOC100130886///TMEM164 q22.3 7
KCNE1L KCNE1-like q22.3 5
IGSF1 Immunoglobulin superfamily, member 1 q26.1 6
HTR2C 5-Hydroxytryptamine (serotonin) receptor 2C q23 5
HS6ST2 Heparan sulfate 6-O-sulfotransferase 2 q26.2 5
H2BFM///H2BFXP q22.2 5
GPC4 Glypican 4 q26.2 7
GPC3 Glypican 3 q26.2 5
DIAPH2 Diaphanous homolog 2 (Drosophila) q21.33 7
CXorf39 Chromosome X open reading frame 39 q22.2 6
COL4A6 Collagen, type IV, alpha 6 q22.3 5
AMMECR1 Alport syndrome, mental retardation, midface hypoplasia and elliptocytosis chromosomal region gene 1 q22.3 6
ALG13 Asparagine-linked glycosylation 13 homolog (S. cerevisiae) q23 10
ACSL4 Acyl-CoA synthetase long-chain family member 4 q22.3 5
a Indicate the number of cell lines in which the gene up-regulated N1.5 fold changes.
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analyzed the XCI pattern of ihESCs and ehESCs in ﬁve cell lines, includ-
ing chHES-26, −45, −51, −137, and −175, using ﬁve SNPs in the
transcribed region. The results showed that the ihESCs demonstrated
biallelic expression of all ﬁve SNPs, and the ehESCs, including different
sublines, exhibited monoallelic expression in all ﬁve cell lines
(Table 2). However, the allelic gene expressed in subline-1 and sub-
line-2 of chHES26 and chHES137 is different, which suggests that the
X-linked genes expressed in subline-1 and subline-2were from a differ-
ent parental X chromosome. These results indicate that the XCI pattern
in ihESCs is random, similar to normal adult tissue. Furthermore, the XCI
pattern in ehESCs is completely skewed,which further conﬁrms that the
ehESCs have a Xi.Table 2
Genomic SNP genotyping and polymorphic cDNA analysis in 5 paired cell lines.
Gene name SNP ID Band Genotyping
chHES26
LAMP2 rs12097 Xq24 [A/T]
WDR44 rs10521584 Xq24 [C/T]
MBTPS2 rs5951476 Xp22.11 [G/A]
chHES45
LAMP2 rs12097 Xq24 [A/T]
FAAH2 rs1367830 Xp11.1 [C/T]
CA5B rs1808 Xp22.2 [C/T]
MBTPS2 rs5951476 Xp22.11 [G/A]
chHES51
FAAH2 rs1367830 Xp11.1 [C/T]
LAMP2 rs12097 Xq24 [A/T]
WDR44 rs10521584 Xq24 [C/T]
TCEAL4 rs11010 Xq22.2 [C/T]
chHES137
FAAH2 rs1367830 Xp11.1 [C/T]
MBTPS2 rs5951476 Xp22.11 [G/A]
chHES175
CA5B rs1808 Xp22.2 [C/T]
FAAH2 rs1367830 Xp11.1 [C/T]3.5. XCI status after differentiation in ihESCs and ehESCs
We further tested the ability to activate XIST upon differentiation,
and found that the ehESCs (XIST-) cannot activate XIST expression and
can form H3K27me3 punctate enrichment upon differentiation, includ-
ing differentiated embryoid (EB) and neural progeny. However, as ex-
pected, the ihESCs retained XIST expression and formed H3K27me3
punctate enrichment upon differentiation (Fig. S4).
3.6. Effect of oxygen on XCI
Previous work has shown that physiological oxygen (5%), instead of
ambient (20%) levels, preserves the class I state of hESCs (Lengner et al.,P4 expression P20 subline1 expression P20 subline2
expression
[A/T] [T] [A]
[C/T] [C] [T]
[G/A] [A] [G]
[A/T] [A]
[C/T] [C]
[C/T] [C/T]
[G/A] [A]
[C/T] [C] [C]
[A/T] [T] [T]
[C/T] [C] [T]
[C/T] [C] [C]
[C/T] [C] [T]
[G/A] [G] [A]
[C/T] [C/T]
[C/T] [C]
Fig. 4. Effect of oxygen onXCI. (A): RT-PCR expression analysis of XIST in P5 ihESCs and P20 ehESCs derived and cultured under 5% oxygen. *Indicates P b 0.05 by t-test; (B): Representative
immunostaining of chHES277 at different passages with antibodies against H3K27me3 (red) and Oct4 (green). DAPI stained nuclei in blue. Scale bar = 50 μm.
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be beneﬁcial for XCI ﬁdelity in our culture conditions. Herein, we
derived ﬁve female cell lines under 5% oxygen and cultured the lines
to P20, then detected the XIST expression and H3K27me3 punctate
enrichment at P5 and P20. Unexpectedly, XCI occurred in all ﬁve initial
hESC lines. Unlike the cell lines derived under atmosphere oxygen, XIST
was stably expressed or showed little decrease at P5 and P20 (Fig. 4A,
Table S3), and N90% cells exhibited H3K27me3 punctate enrichment
at P5 and P20 in all ﬁve cell lines (Fig. 4B). Furthermore, we detected
the XCI pattern in two of the above cell lines, the ihESCs demonstrated
biallelic expression in chHES277 and chHES278, however, the ehESCs
showed monoallelic expression (Table 3). These results indicate that
under 5% oxygen concentration the hESCs can preserve the expression
of the XIST and H3K27me3 punctate enrichment but the XCI pattern is
prone to change.
4. Discussion
XCI is promiscuous in long-term cultured hESCs. In the present
study, we traced the XCI dynamics during early cell culture. From P5Table 3
Genomic SNP genotyping and polymorphic cDNA analysis in cell lines derived 5% O2.
Gene name SNP ID Band Genotyping P4 expression P20 expression
chHES277
LAMP2 rs12097 Xq24 [A/T] [A/T] [T]
GPC3 rs5977910 Xq26.1 [C/A] [C/A] [C/A]
MBTPS2 rs5951476 Xp22.1 [G/A] [G/A] [A]
GPC4 rs41537046 Xq26.1 [G/A] [G/A] [A]
chHES278
LAMP2 rs12097 Xq24 [A/T] [A/T] [T]
WDR44 rs10521584 Xq24 [C/T] [C] [C]
GPC4 rrs41537046 Xq26.1 [G/A] [G/A] [A]
ATRX rs3088074 Xq21.1 [C/G] [C/G] [C]to P20, the ehESCs lost XIST expression andH3K27me3 punctate enrich-
ment, accompanied by the up-regulation of a small subset of X-linked
genes; additionally, the XCI pattern converted from a random XCI
pattern to a fully skewed XCI pattern. In the mouse, the female EpiSCs
derived from the epiblast of a post-implantation embryo display ran-
dom XCI, and the ESCs derived from ICMs display two active X chromo-
somes (Tesar et al., 2007). Our observations for XCI in ihESCs combined
with other hESC characteristics suggest that the hESCs isolated under
conventional methods was in a primed state, similar to the mEpiSC
(Nichols and Smith, 2009). Our results also suggest that the variations
of XCI occur in rapid dynamic procession. This may give interpretation
of why variations of X chromosome inactivation occur in early passages
(P5–P15) of female hESCs (Dvash et al., 2010).
Our ihESCs were similar to class II hESCs, and ehESCs were similar to
class III hESCs. Some alterations in class III ehESCs were similar to what
is observed in cancer cells, including loss of XIST expression, H3K27me3
punctate enrichment and extremely skewed XCI, which have been
reported in several human cancers, including breast, lung, esophageal
and germ cell tumors (Richardson et al., 2006; Talebizadeh et al.,
2005; Buller et al., 1999; Berry and Bapat, 2008; Li et al., 2006; Li et al.,
2013). These reports suggest that XCI abnormalities may contribute to
the pathogenesis of cancer. In our ehESCs, we found at least 7/27 com-
mon up-regulated genes in cancer. For example, RAP2C, a member of
the Ras family, is involved in regulating cellular proliferation, differenti-
ation and apoptosis (Guo et al., 2007). Pirin (PIR) may play a role in
melanoma progression and migration (Miyazaki et al., 2010). Glypican
3 (GPC3) is highly expressed in hepatocellular carcinoma but not in
normal tissue (Chen et al., 2013). Heparan sulfate 6-O-sulfotransferase
2 (HS6ST2) is up-regulated in human pancreatic cancer (PC), and silenc-
ing of HS6ST2 inhibits progression of PC through the inhibition of notch
signaling (Song et al., 2011). Acyl-CoA synthetase long-chain family
member 4 (ACSL4) is associated with cancer progression, including in-
creased proliferation and tumor growth promotion (Hu et al., 2008). Pro-
teasome 26S subunit (PSMD10) is up-regulated in various malignancies,
91P. Xie et al. / Stem Cell Research 17 (2016) 84–92including hepatocellular carcinoma, pancreatic cancer and breast cancer
(Meng et al., 2010; Kim et al., 2012). Therefore, these genesmay promote
the tumorigenicity and metastasis of some malignancies. Among these
genes, up-regulation of PSMD10 and GPC3 has been reported in XIST+
hESCs (Shen et al., 2008). As a result, whether the transition of XCI states
from class II to class III is correlated with the development of malignancy
is unclear, andwe cannot rule out the inﬂuence on hESCs and their deriv-
atives. Simultaneously, we should evaluate the XCI states and X-linked
gene expression before using hESCs in regenerating medicine and as an
X-linked disease model.
Previous reports have suggested that XIST binds to the gene-rich,
open chromatin regions and interacts with XCI-related proteins
to move genes subject to X inactivation into the proximity of the
compacted/repeat-rich region of the Xi, which would prevent access
of the transcription factors to regulatory regions of genes, resulting in si-
lencing. When the cells lose the expression of XIST (Cerase et al., 2015),
we speculate that the XIST-coated X-chromosome silent compartment
is disrupted and some genes that are not located near XIST are exposed
to active gene domains and are re-expressed.
The fully skewed XCI pattern in our early hESCs was similar to what
has been reported in established hESC lines (Shen et al., 2008); however,
whether the skewed XCI pattern represented an imprinted XCI, such as
what occurred in preimplantation murine development, was unclear.
We addressed this question by analyzing the XCI pattern of different
sublines from the same hESC line, and found that different sublines
expressed X-linked genes from different parental origin X chromo-
somes, and combined the randomXCI pattern of ihESCs, which supports
the notion that the fully skewed XCI pattern is the result of clonal selec-
tion without relationship to the parental original. In addition, the hESC
lines under 5% oxygen processed the transition from random to fully
skewed XCI, which further conﬁrmed the selection was not the result
of atmospheric oxygen. However, the factors that determine the clonal
selection remain unclear.
Previous research suggests that oxygen concentration is a critical
requirement to derive female hESCswith two activated X chromosomes
and cellular stress, such as atmosphere oxygen exposure and harsh
freeze-thaw cycles, can induce irreversible XCI (Lengner et al., 2010).
In our culturing condition that was under 5% oxygen, the hESCs main-
tained the expression of XCI markers, XIST and H3K27me3 punctate
enrichment, but theXCI patternwas converted from random to skewed.
It is possible that the reason why we failed to derive female hESCs with
two active X chromosomes may be the different culture conditions. For
example, 1000 UI of human LIF was added in the previous conditions
and 5% oxygen working cabinets were used in their culture (Lengner
et al., 2010). A previous study hinted that human induced pluripotent
stem cells derived on a LIF expressing SNL feeder shows two active X
chromosomes, which suggests that LIF may be an important factor to
maintain two active X chromosomes (Cerase et al., 2015). Some proce-
dures in our conditions, including passage and culture change were
carried out in atmospheric oxygen, whether the temporary exposure
would lead to the XCI alterations need further study. In subsequent
research, we will further improve our culture conditions to preserve
XCI in a stable state.
In conclusion, our study showed that XCI alteration was a fre-
quent epigenetic reprogramming event, however, the atmosphere
was not the only inﬂuencing factor. Further studies need to be direct-
ed at investigating the inﬂuence of XCI alteration on the function of
various differentiated cell types and ﬁnd other critical factors for
the stability of XCI.
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